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T he klotho (kl) protein is found to both shorten and extend lifespan depending on its level of expression. In mice, overexpression of kl extends lifespan approximately 30% and confers increased resistance to oxidative stress. 1, 2 Conversely, the absence of kl dramatically reduces lifespan to approximately 8 weeks and induces the development of an array of disorders, typically associated with advanced human age. 3 In humans, major alterations in kl gene expression are inconsistent with healthy life 4, 5 and minor polymorphic variants are associated with altered risk of disease development. 6 The kl protein decreases across species and organ systems during normal aging, making it an age-modulating protein that is agedownregulated. 7 The kl gene was detected when a transgene meant to overexpress a sodium-proton exchanger incorrectly inserted into the kl promoter disrupting kl transcription. 3 The resulting animal did not express the exchanger, but induced a severe hypomorphic allele for kl. Consistent with a severe hypomorph, RT-PCR amplifies low level mRNA expression but the protein is not detected. 3, 8 In mice, kl functions as both a transmembrane and shed protein. In the kidney, the transmembrane form is critical in maintaining proper ion homeostasis through its role as an FGF23 coreceptor with FGF receptor (FGFR). 1 The shed protein functions throughout the body inhibiting signaling pathways (wnt, insulin/IGF1, and TGFb) and altering ion channel function as a weak sialidase. [9] [10] [11] [12] Although the kidney expresses kl the most highly, a few other organs, including the brain, express kl. 3, 13 In the kl knockout, the brain develops a prematurely aged phenotype by 8 weeks of life that includes dysregulation of synaptic protein expression, increases in markers of oxidative stress, apoptosis and autophagy, degeneration of neurons, and cognitive impairment. [14] [15] [16] [17] [18] Together these studies would indicate that kl is important in organs that are sensitive to damage from oxidative stress and that rely on synaptic plasticity for proper function.
We sought to determine whether kl is expressed in the retina and if changes in kl expression level lead to retinal dysfunction or degeneration. Electroretinogram (ERG) was used to assess retinal function in kl knockout mice. We found that the absence of the protein attenuated retinal signaling, while causing either up or downregulation in the expression of key proteins involved in retinal structure and function.
housed in standard conditions with free access to food and water including Bacon Softies (BioServ, Frenchtown, NJ) or Gel-Diet (Clear H 2 O, Portland, ME) as health declined. The whole eye or retina was removed from deeply anesthetized mice at 3 or 7 weeks of age. All procedures were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research using protocols approved by the University of Alabama at Birmingham (UAB) Institutional Animal Care and Use Committee.
Tissue Processing
Retina was flash frozen and stored at À808C until use. The whole eye was fixed in 4% paraformaldehyde (PFA) and cryoprotected in 30% sucrose prior to freezing in isopentane in preparation for cryosectioning (12-lm slices). To process kidneys, animals were transcardially perfused with tyrode solution (137 mM NaCl, 2.7 mM KCl, 1 mM MgCl 2 , 1.8 mM CaCl 2, 0.2 mM Na 2 HPO 4 , 12 mM NaHCO 3 , and 5.5 mM glucose) followed by fixation in PFA and paraffin embedding. 
PCR

Immunohistochemistry (IHC)
Optimal cutting temperature was removed in PBS. Paraffin was removed by sequential incubation in Citrisolv (Fisher, Waltham, MA), isopropanol, and rehydrated in running distilled water. Antigen retrieval in 10 mM citrate buffer was performed in a rice cooker. Slides were allowed to slowly cool to room temperature, washed in PBS, and endogenous peroxidases inactivated in 0.3% H 2 O 2 . Eye sections were then permeabilized in PBS with 0.5% Triton X100 (PBST) and blocked (1% bovine serum albumin [BSA], 0.2% nonfat milk and 0.3% Triton X100 in PBS). Eye sections were incubated in the following primary antibodies: Synaptophysin (1:250, ab52636; Abcam, Cambridge, MA), post synaptic density 95 (PSD95, 1:1000, ab8258; Abcam), glutamic acid decarboxylase (GAD67, 1:500, g5419; Sigma-Aldrich, St. Louis, MO), sodium potassium ATPase (1:200, ab767; Abcam), glial fibrillary acidic protein (GFAP, 1:500, z033429; Dako, Glostrup, Denmark), transient receptor potential cation channel subfamily member 1 (TRPM1, neat supernatant, gift from T. Wensel; Baylor College of Medicine, Houston, TX), FGF receptor-1 (FGFR1, 1:100, SC121; Santa Cruz, Dallas, TX), SOD-1 (1:500, ab13498; Abcam), Thy1.2 (1:500, ab22489; Abcam), activecaspase 3 (1:1000, 9661; Cell Signaling, Danvers, MA), total caspase 3 (1:1000, 9662; Cell Signaling), HO-1 (1:100, ab13248; Abcam), or Calbindin D-28K (1:250, AB1778; Millipore, Billerica, MA). Primary antibody was detected with relevant secondary antibodies labeled with Alexa594 (Life Technologies, Grand Island, NY). Nuclei were detected by 4 0 6diamidino-2-phenylindole (DAPI) and sections mounted in Prolong Gold anti-fade mounting media (Life Technologies).
For wheat germ agglutinin (WGA), sections were incubated in PBS containing DAPI and Alexa555-WGA (Life Technologies) for 10 minutes. Klotho was detected by incubation in primary antibody (1:20, AF1819; R&D Systems, Minneapolis, MN), followed by incubation in ImmPRESS anti-goat IgG peroxidase (Vector Labs, Burlingame, CA) and Cy3-TSA Plus (1:400; PerkinElmer, Waltham, MA). Confocal images were captured on a Zeiss laser scanning LSM710 with a 633, NA 1.4 oilimmersion objective (Zeiss, Peabody, MA).
Intensity Measurement
Slides were imaged on an Olympus BX53 fluorescent microscope using 203 objective (Olympus, Center Valley, PA). Intensity measurements performed using Olympus Cellsens Dimension 1.7 image analysis software (Olympus). Fluorescent images were taken at identical exposure for wildtype and knockout samples, converted to grayscale format, and identical areas of intensity measured. Intensity measurements were averaged within genotype. For WGA and Thy1.2, images were obtained using a Zeiss LSM510 Meta microscope with a 633 objective (Zeiss). The inner plexiform layer (IPL) was outlined in ImageJ (National Institutes of Health, Bethesda, MD) and the average pixel intensity measured. Calbindin expression was quantified by counting the number of positive cells in a 140-lm section of outer plexiform layer (OPL). Statistical significance was determined using GraphPad Prism software and the Student's t-test (GraphPad, La Jolla, CA).
Morphometric Analysis
Fresh frozen whole eyes were cryosectioned and slices through the optic nerve head stained with hematoxylin and eosin. Slides were dehydrated in ethanol and xylene and mounted using Permount mounting media (Fisher). Outer nuclear layer thickness was measured using Cellsens software (Olympus). The retinal thickness was measured along the vertical meridian in 100-lm increments from the optic nerve head. Lengths at each position were averaged across genotype and statistical significance between groups determined by Student's t-test.
Western Blotting
Retina from 7-week-old wild-type and kl knockout mouse was isolated immediately after euthanization, flash frozen, and stored at À808C until use. Retinal proteins were isolated by sonication in radio immunoprecipitation assay buffer containing DNAse (5 lg/mL) and protease inhibitors without EDTA (Pierce, Rockford, IL). Protein concentration was determined by BCA assay, per manufacturer's instructions (Pierce). Ten micrograms of total protein were loaded onto 10% to 12% polyacrylamide gels. Following transfer to nitrocellulose membranes (Fisher), non-specific binding was blocked by incubation in 5% nonfat dry milk in Tris-buffered saline with Triton X100. Primary antibodies were incubated overnight at 48C with gentle agitation. In addition to primary antibodies noted above, we utilized actin (1:500; Sigma-Aldrich), alphatubulin (1:500; Life Technologies), rhodopsin (purified 1D4, 0.1 lg/mL), transducin (1:2000, SC-389; Santa Cruz Biotechnology, Santa Cruz, CA), and rhodopsin kinase (1:1000, MA1-720; Pierce). Binding of secondary antibodies conjugated to horse radish peroxidase was detected using chemiluminescent reagents by exposure to film. For quantification, individual band intensity was measured using ImageJ. Each band was normalized to its relevant loading control.
Electrophysiology
Mice were dark-adapted for at least 4 hours and anesthetized with tribromoethanol (1.25% solution in 150 mM NaCl from a stock solution of 1 g/mL 2,2,2-tribromoethanol in tert-amyl alcohol; Sigma-Aldrich). Following general anesthesia, animals were placed on a heating pad, corneas were anesthetized with proparacaine (0.5%), and pupils dilated with topical phenylephrine HCl (2.5%) and tropicamide (1%). Electroretinogram recordings were collected using a HMsERG unit (Ocuscience, Rolla, MO) and custom loop electrodes of 37-gauge platinum wire (Amazon.com, Seattle, WA). A custom protocol was used with the HMsERG to record scotopic and photopic ERGs over a range of flash intensities (0.01-30 cdÁsÁm À2 ). ERGView software (Ocuscience) was used to analyze the ERG recordings and determine a-and b-wave amplitudes and latencies.
Selected representative recordings were exported to text file and regraphed in Origin (Originlab, Northampton, MA). To analyze the effects of genotype across flash intensity and time, repeated-measures ANOVAs were performed with the Greenhouse-Geisser correction, using n equals 8 wild-type and n equals 5 knockouts for scotopic ERGs, and n ¼ 9 wild-type and n ¼ 6 knockouts for photopic data (SPSS software; IBM, Armonk, NY).
RESULTS kl is Expressed in the Retina
To determine whether kl expression is detected in retina, we performed IHC simultaneously on kidney and retinal sections from wild-type and knockout mouse (Figs. 1A-C). Kidney tissue served as our IHC control as kl is highly expressed in convoluted tubules 3 and is completely absent in kl knockouts ( Fig. 1A) . Klotho was detected in wild-type, but not knockout mouse retina (Fig. 1B) . Klotho retinal expression was detected in increasing intensity in the outer nuclear layer (ONL), inner nuclear layer (INL), and most strongly in the ganglion cell layer (GCL) (Fig. 1B) . As expression was concentrated in nuclear layers, we used confocal fluorescent microscopy to determine whether kl was localized in the nucleus as reported in brain. 19 Orthogonal projections from a single plane of the INL reveal kl protein expression in close proximity to but not within the nucleus (Fig. 1C ). Relative expression of kl mRNA in retina was compared with the kidney by qPCR, and although clearly detectible by both endpoint PCR and qPCR, kl expression is much lower in retina than in kidney or brain (Figs. 1D, 1E ). Klotho knockouts show signs of neurodegeneration. 14, 17 As such, we probed for retinal degeneration by morphometric analysis of ONL thickness in 7-week-old wild-type and 
Absence of kl Alters Retinal Protein Expression
In the brain, protein expression and/or localization is altered in kl knockouts. 17 Using IHC, and when possible Western blot analysis, changes in both protein expression level and anatomic localization were examined in 7-week-old wild-type or kl knockout mice. Synaptic proteins synaptophysin and PSD95 localize to the OPL and IPL. 20, 21 Consistent with results in brain, 17 expression of synaptophysin was significantly lower in both layers of the retina and in retinal lysates in knockout mice ( Figs. 2A, 5A ). Post synaptic density 95 intensity did not change by IHC where detection was light but retinal lysates reveal an increase in protein expression ( Figs. 2B, 5A ). Calbindin is a calcium regulating protein primarily expressed in retinal horizontal cells. 22 No changes in calbindin-positive cell number or calbindin total protein was detected (Figs. 2C, 5A). Glutamic acid decarboxylase synthesizes the inhibitory neurotransmitter gamma-aminobutyric acid and is expressed predominantly in OPL and IPL 22 ; we found GAD67 expression increased in the kl knockout OPL and IPL by IHC and Western blotting (Figs. 2D, 5A ). Of the proteins examined, synaptophysin and GAD67 showed the largest overall intensity change (Fig. 2) . To determine whether the absence of kl caused changes in protein expression throughout life, we measured synaptophysin and GAD67 expression in 3-week-old retina. In contrast older animals, no changes in protein expression were observed ( Figs. 2A, 2D, striped bars) .
In kl knockout brain, markers of oxidative stress and apoptosis are increased by 7 weeks of age. 15, 17 In 7-week-old retina, no evidence of photoreceptor degeneration (Fig. 1F ), nor increased apoptosis by active-caspase 3 expression (Figs. 3A, 5A) were observed in the kl knockout. No changes were WGA IHC images and quantification. Quantification of WGA signal in IPL and OPL was conducted across multiple retinas at 7 weeks (n ¼ 7 per group, 6SEM, significance determined by Student's t-test: *P < 0.04, **P < 0.007). (D) Representative TRPM1 IHC images and quantification. Quantification of TRPM1 signal in OPL was conducted across multiple retinas at 7 weeks (n ¼ 4 per group, 6SEM, significance determined by Student's t-test: **P < 0.004). (E) Representative rhodopsin IHC images and quantification. Quantification of the rhodopsin signal in OS was conducted across multiple retinas at 7 weeks (n ¼ 4 per group, 6SEM). observed in expression of SOD, HO-1, or dihydroethidium staining (data not shown).
Structural proteins GFAP and neurofilament are upregulated in kl knockout brain. 17, 18 Glial fibrillary acidic protein is expressed in Müller cells in the GCL, 23 and neurofilament is expressed in OPL and GCL. 24 Glial fibrillary acidic protein expression decreased by IHC and by Western blot (Figs. 3B,  5A ). Neurofilament expression was unchanged in retina (Figs. 3C, 5A), contrasting with brain where its expression was upregulated. 18 Thy1.2 detects a peripheral membrane protein expressed in ganglion cells, 25, 26 where we noted the highest kl protein expression ( Fig. 1B) . No change in Thy1.2 expression was observed (Fig. 3D) .
Klotho directly interacts with and modulates the function of both FGFR and sodium/potassium ATPase (Na/K ATPase) in kidney. 1, 27 Although FGFR1 is expressed in retinal ganglion and Müller cells, 28 we detected very low level expression by IHC, but retinal lysates indicate an increase in FGFR expression in kl knockout retina (Figs. 4A, 5A ). In retina, Na/K ATPase expression is widespread. 29 Expression in the kl knockout was unchanged in total retinal lysates but increased by IHC (Figs. 4B, 5A ). As kl directly interacts with Na/K ATPase, 27 this difference could be the result of incorrect subcellular distribution in the absence of kl.
Klotho removes terminal sialic acid residues on some ion channels, promoting cell surface retention. 12, 30 Wheat germ agglutinin binds to sialic acid and N-acetylglucosamine and was used as a marker of altered sugar modification. Wheat germ agglutinin reactivity was upregulated in IPL of kl knockout mice consistent with an increase in sialic acid residues in the absence of kl activity (Fig. 4C) . In kidney, the sialidase activity of kl effects function of transient receptor potential vanilloid (TRPV) channels. 12, 30 Numerous TRP family members are expressed in retina. 31 We were able to detect TRPM1 expression in IPL consistent with its known localization in bipolar cells. 31 Retinal expression of TRPM1 was decreased in the IPL of kl knockout mice (Fig. 4D ). FIGURE 6. Representative scotopic ERG recordings and summary data as a function of flash intensity and age. (A) Overlayed representative scotopic ERG traces at the lowest and highest flash intensities (0.01 and 30 cdÁsÁm À2 ) from a dark adapted wild-type (black) and kl knockout (red) animal. Electroretinograms were recorded in the same cohort of animals at 3 (left) and 7 (right) weeks to determine whether the absence of kl induces functional changes over time. (B) Summary data averaged across wild-type (white squares; n ¼ 8; 6SEM) and kl knockout (grey circles; n ¼ 5; 6SEM) animals are shown at 3 and 7 weeks of age. a-wave amplitude was measured as baseline to trough, while b-wave amplitude was measured baseline to peak at each flash intensity. Latencies represent time to peak/trough. Klotho knockout a-and b-wave amplitudes and latencies were significantly decreased at 7 weeks of age compared with wild-type controls. Statistical analysis was performed by repeated-measures ANOVA.
As reports vary to whether rhodopsin levels fluctuate in the normal aging retina, 32, 33 we examined rhodopsin levels by IHC and Western blot. No change in rhodopsin expression was observed in kl knockout retina (Figs. 4E, 5B ). Phototransduction could be affected by changes in retinal proteins; however, the levels of transducin and rhodopsin kinase did not change in kl knockout retina (Figs. 5B).
The Absence of kl Induces Decreased Retinal Function as Measured by Electroretinography
Wild-type and kl knockout mice were dark-adapted and their scotopic, rod dominant ERG responses recorded at 3 and 7 weeks of age. At the 7-week time point, the maximum a-wave amplitude was reduced approximately 26%, and the maximum b-wave amplitude was reduced approximately 38% compared with wild-type controls (Fig. 6 , Table) . As well, older kl knockout animals had slower a-and b-wave latencies (Fig. 6B , Table) . Repeated-measures ANOVA analysis was used to determine whether kl knockouts showed significant differences in amplitude and latency compared to wild-type controls and whether those changes increased with age. The absence of kl resulted in a main effect on scotopic a-wave amplitude (F 1,11 ¼ 4.952, P ¼ 0.048); without a significant interaction with age ( Fig. 6 ). In evaluating the scotopic b-wave, the absence of kl resulted in a main effect on b-wave amplitude (F 1,11 ¼ 10.503, P ¼ 0.008) that also interacted with flash intensity (F 1.305,14.357 ¼ 4.382, P ¼ 0.046), but not age (Fig. 6 ). The absence of kl has main effects on scotopic a-and b-wave latency (F 1,11 ¼ 15.912, P ¼ 0.002 and F 1,11 ¼ 13.156, P ¼ 0.004) that do interact with age (F 1.840,20.235 ¼ 3.940, P ¼ 0.039 and F 1.696,18.658 ¼ 4.901, P ¼ 0.024) ( Fig. 6 ). Together these data indicate that scotopic aand b-waves reached peak amplitude more slowly with increasing age in the kl knockout mice. The absence of an interaction of genotype with age on a-and b-wave amplitudes implies alterations in retinal function, however small, may be present at 3 weeks of age.
Similar to the scotopic b-wave amplitude, the photopic, cone dominant, ERG responses were measured as the animals aged. By 7 weeks of age, kl knockout b-wave amplitude was reduced by approximately 39% (Fig. 7, Table) . Using repeated measures ANOVA, the absence of kl resulted in a main effect on b-wave amplitude that interacted with flash intensity (F 1,13 ¼ 9.019, P ¼ 0.010 and F 1.197,15 .563 ¼ 9.085, P ¼ 0.006), but not age (Fig. 7) . Photopic b-wave latency was unaffected (P > 0.05, Fig. 7 ). As measured by changes in both scotopic and photopic ERG, the kl knockout mice experience a severe loss of retinal function over their lifespan.
DISCUSSION
We report the expression of kl mRNA and protein in mouse retina. Loss of kl in knockout animals results in changes in protein expression and a decrease in retinal function. Although changes in retinal function were not observed at 3 weeks, as animals continued to age retinal function dramatically decreased. Although no retinal degeneration was detectable, decreased a-and b-amplitudes and alterations in synaptic function represented by increased a-and b-wave latency were observed. Commiserate with changes in function at 7 weeks of age, protein expression changes were observed in markers of synaptic function with a decrease in synaptophysin and an increase in GAD67. This suggests a shift in the excitation/ inhibition balance in older knockouts towards increased inhibition and may explain the slower a-and b-waves. Fibroblast growth factor receptor and sodium potassium ATPase (NaK ATPase) upregulation and TRPM1 downregulation were noted indicating homeostatic disruptions across layers of the retina. Klotho modulates ion channel activity both through direct interactions and through its activity as a sialidase. 1, 12, 30 Klotho does not appear to be a nuclear protein, but is found adjacent to the nucleus in the soma (Fig. 1C) . The absence of kl resulted in increased WGA binding, suggesting altered sugar modifications that could induce changes in ion flux from plasma membrane resident ion channels similar to those observed with kidney TRPV and renal outer medullary potassium channels. 12, 30 The increased WGA staining indicates potential dysfunction throughout all layers of retina. Interestingly, absence of kl was not associated with ganglion cell loss ( Fig. 3D ) but with lower levels of GFAP immunoreactivity (Fig.  3B) , possibly weakening the structural integrity of the inner retina in the kl knockout animals.
In the retina, we report decreased a-and b-wave amplitudes along with a progressive age-related increase in latency in aand b-waves ( Fig. 6 ). Importantly, these changes in function are not accompanied by evidence of retinal degeneration as measured by cell loss/death (Figs. 1, 3 , 5) or loss of phototransduction proteins (Figs. 4E, 5B) . Thus, the kl knockout mouse does appear to represent an accelerated retinal aging model as changes by 7 weeks of age are consistent with a healthy mouse retina at 1 year. 32 However, while decreased a-and b-wave amplitude is a consistent feature in aging studies, 32, 33 reports of changes in latency and evidence of degeneration are inconsistent. Examining the effect of aging between C57BL/6 and BALB/c mouse strains at 1 and 17 months, ERG amplitudes decreased without changes in latency. 32 Retinal thickness and rhodopsin content also decreased with age. 32 In addition to an aging phenotype, functional deficits in our study are similar to those in the IGF-1 knockout mouse where a-and b-wave amplitude progressively decline. 34 In this mouse, changes in function are attributed to altered synaptic function. 34 Klotho knockout mice are hypoglycemic and sensitive to insulin/IGF-1, indicative of a role for kl in insulin signaling inhibition. 35 It is possible that effects mediated by the absence of kl in retina are the result of changes in insulin signaling that critically underlie healthy retinal function. Changes in the kl knockout ERG are also similar to those observed in the DBA/2J model of glaucoma. 36 Recent work from Farinelli and colleagues 37 showed upregulation of kl protein expression in dying cells in models of retinal degeneration. Organotypic explant cultures of wildtype retina exposed to recombinant kl protein displayed greater nuclear disorganization than controls. 37 These results would suggest that kl is involved in disease states as well as normal function, however whether it is causal in disease development is unknown. In contrast to our findings, kl protein expression was not detected in wild-type retina although different antibodies were utilized between studies. 37 A potential confounding factor to interpretation of our data is the profound dysfunction in nearly every organ system caused by the systemic absence of kl. As such, the changes observed in retina could be the result of toxicity and not a direct effect of kl. Changes in protein expression were not uniform and cell death was not observed (Figs. 2-5 ), reducing the likelihood that systemic toxicity accounts for all observed changes. Further study of this phenomenon would benefit from a retina specific knockout of kl. The presence of normal kl function in the kidney would eliminate many of the systemic toxic effects and allow observation of the result of the loss of kl in retina over a longer time course. As the profound functional deficit noted here may be anticipated to cause retinal degeneration in a longer-lived animal, a retinal specific kl knockout would test the hypothesis that retinal degeneration would be a consequence of the aberrant electrical signaling seen in kl knockout animals.
